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Nucleus pulposus replacement devices (NPRDs) have emerged as an alternative 
to the current standard of care for low back pain.  These devices aim to correct spinal 
load distribution, to restore range-of-motion, and to ultimately relieve pain.  Although 
NPRDs may offer benefits compared to the current standard of care, novel device design 
features and clinical concerns must be investigated to ensure safety and effectiveness.  
Therefore, there is a need for a pre-clinical test to characterize device performance.   
A physical, surrogate annulus fibrosus (AF) model for multidirectional wear and 
fatigue testing of NPRDs has been designed and validated.  However, this model is 
comprised of the AF only.  Within the intervertebral disc, the nucleus is bound by both 
the AF and endplates.  The endplates facilitate uniform load distribution while regulating 
nutrition and fluid transport across the disc.  The current model is designed to include 
representative endplate interfaces.   
 Twenty-six materials including rubbers, foams, and medical-grade biomaterials 
were evaluated to identify materials that may represent functional endplate properties.  
Candidate materials were characterized under unconfined compression.  A stepwise 
stress-relaxation test was performed up to 20% strain, where each step incremented 5% 
strain at 0.001 strain/sec.  The aggregate modulus (HA) was determined as the ratio of 
equilibrium stress to equilibrium strain and interpreted to identify a representative 
surrogate endplate material. 
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 Eight surrogate intervertebral disc models (SIVDMs) were included in this 
validation study, where six were utilized for wear and fatigue characterization and two 
for load soak control.  Each model included three injection molded parts: a surrogate 
NPRD (VytaFlex10, Smooth-On); a surrogate AF (QM264, Quantum Silicones), and 
superior and inferior surrogate endplates (RenCast6401-1, Huntsman).   
 The SIVDM was validated on a 6DOF spine wear simulator (MTS, EdenPrairie, 
MN) in accordance with motion and loading profiles defined in ISO 18192-1 up to 
2.5Mcycles of wear testing.  Each model was subjected to compressive loading at 
1.0mm/s to characterize stiffness under denucleated and nucleated states at 0.0 and 
2.5Mcycles.  Models were submersed in a 37±2o PBS bath and imaged using 
fluoroscopy.  Surrogate NPRDs were characterized for gravimetric and dimensional 
changes at 0.5Mcycle intervals.  Surrogate endplates were characterized for dimensional 
changes using micrometers and surface roughness changes using white light 
interferometry at 0.0 and 2.5Mcycles.  Representative surrogate NPRDs (n=2) and 
endplates (n=2) were imaged with optical microscopy and microCT. 
 The surrogate NPRDs exhibited evidence of adhesive/abrasive wear and 
demonstrated a linear wear rate, 180mg/Mcycles (r2=0.95, p<0.05). The nucleated model 
was determined to be approximately 30% stiffer than the denucleated model.  Wear-
tested endplates maintained 12.35±0.3mm height, and there was no significant change in 
articulating surface roughness (p>0.05). 
Surrogate endplates performed superiorly, with respect to wear.  Results show no 
significant changes in height (p>0.99) or surface roughness (p>0.05) after wear testing.  
Articulating surfaces did not appear worn, and no signs of internal cracking were 
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observed on corresponding microCT images.  These results suggest that wear along 
surrogate NPRDs evaluated in this study are not artifact of interfacing surrogate endplate 
wear.  The endplate material chosen for the SIVDM was validated by comparison of HA 
to range of moduli reported for cartilaginous endplates in validated finite element models 
of the human intervertebral disc. 
A physical SIVDM has been designed and validated for multidirectional wear and 
fatigue testing of NPRDs.  The optimized model has been designed to impart clinically 
relevant loading patterns and constraint to sample NPRDs.  This pre-clinical test was 
used to characterize wear and fatigue of surrogate devices in terms of mass loss, height 
loss, contribution to SIVDM stiffness, and physical features of fatigue. 
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1. INTRODUCTION 
1.1 Anatomy 
 The human spinal column is divided into four regions: cervical, thoracic, lumbar, 
and sacrum (Figure 1).  The cervical spine contains seven vertebrae and provides 
maximum flexibility and range of motion to the head.  The thoracic spine contains twelve 
vertebrae and supports the ribs and organs within the trunk.  The five lumbar vertebrae 
provide structural support and are subjected to the highest forces and moments within the 
spine.  To sustain its function, the lumbar vertebrae are the largest and strongest in 
structure.  The sacrum consists of five fused vertebrae located below the lumbar spine.  
Finally, the coccyx or “tail bone” terminates the spine.   
 
 
 
 
Figure 1: Human spinal column. 
Reprinted from Spine Technology Handbook, 1st edition, S. Kurtz and A. Edidin, 
“The Basic Tools and Terminology of Spine Treatment,” p. 7, (2006),  
with permission from Elsevier. 
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 The intervertebral disc consists of soft tissues located between adjacent vertebrae 
of the spine.  Each disc forms a fibrocartilaginous joint which permits limited motion and 
flexibility while absorbing and transmitting external loads experienced by the spine.  In 
terms of structure, the intervertebral disc is comprised of three histologically unique yet 
functionally interdependent elements: nucleus pulposus, annulus fibrosus, and endplates 
(Figure 2).   
 
 
 
 
Figure 2: Human intervertebral disc. 
Reprinted from Spine Technology Handbook, 1st edition, S. Kurtz and A. Edidin, 
“Structure and Properties of Soft Tissues in the Spine,” p. 40, (2006),  
with permission from Elsevier. 
 
 
 
1.1.1 Nucleus Pulposus 
 The nucleus pulposus resides at the center of the intervertebral disc, occupying 
30-50% of its cross-sectional area (Pooni, Hukins, Harris, Hilton, and Davies, 1986).  
The nucleus is made of a loose network of collagen fibrils distributed within an 
extrafibrillar matrix with 70-90% water content (Buckwalter 1982).  In its healthy, non-
degenerated state, nucleus tissue is comprised of approximately 20% (dry weight) 
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collagens, 30-50% (dry weight) proteoglycans, and non collagenous proteins. 
(Buckwalter 1982, Eyre, 1979) 
 Type II collagen is a primary building block of compressive load bearing tissues 
of the body and accounts for approximately 80% of the total collagen content of the 
nucleus (Eyre, 1979).  Proteoglycans, including negatively charged aggrecan molecules, 
are among the most abundant molecules found within the nucleus.  Negatively charged 
proteoglycans attract positively charged ions into the nucleus in order to sustain a state of 
electroneutrality.  This gives rise to an osmotic gradient between the nucleus and its 
surroundings.  Water flows into the nucleus to counter imbalances in ion distribution.  
Therefore, ionic concentration gradients, osmotic pressure gradients, and water content 
contribute to pressurization of the nucleus pulposus.  The total swelling pressure of the 
nucleus pulposus has been reported to range between 0.1 and 0.2 MPa in recumbent 
positions and to reach between 1 and 3 MPa when standing or lifting (Nachemson and 
Morris, 1964; Wilke et al., 1999).   
 
1.1.2 Annulus Fibrosus 
 The annulus fibrosus consists of a highly organized ring of fibrocartilaginous 
tissue that surrounds the nucleus pulposus.  In terms of its biochemical composition, the 
annulus is primarily composed of water with significant amounts of collagen and 
proteoglycans (Table 1).  The outer and inner annulus are primarily composed of type I 
collagen and type II collagen, respectively.   
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Table 1: Biochemical composition of the annulus fibrosus (Antoniou et al., 1996). 
 Outer Annulus Fibrosus Inner Annulus Fibrosus 
Water 65-75% 75-80% 
Collagen (dry weight) 75-90% 40-75% 
Proteoglycans (dry weight) 10% 20-35% 
Other Proteins (dry weight) 5-15% 5-40% 
 
 
 
 The annulus fibrosus contains 15 to 40 successive layers of collagenous laminae 
embedded within a ground substance (Cassidy, Hiltner, and Baer, 1989).  The thickness 
and composition of each layer varies significantly along the radial direction.  Thickness 
ranges from 0.1 mm along outer annular regions to 0.4 mm along inner annular regions.  
Collagenous fibers along the outer annulus connect to adjacent vertebral bone whereas 
fibers along the inner annulus anchor into the vertebral endplates all at oblique angles 
ranging between 45 and 60 degrees to the spinal axis (Hickey and Hukins, 1980; 
Marchand and Ahmed, 1990; Tsuji et al., 1993).  In general, the annulus fibrosus behaves 
as a heterogeneous, anisotropic, nonlinear, and viscoelastic material with properties 
dependent upon its state of hydration (Galante, 1967). 
 The organization and fibrous nature of the annulus gives rise to its ability to resist 
large, multidirectional loads resulting from motions of adjacent vertebrae and nucleus 
swelling pressure.  Under compressive loading, outward bulging of the nucleus pulposus 
contributes to a transfer of circumferential tensile and radial compressive stresses to 
fibers of the annulus.  In a study conducted by Nachemson, et al., the nucleus pulposus 
and annulus fibrosus were reported to accept 1.5 and 0.5 times externally applied 
compressive loads, respectively (1975).  Tensile stresses within fibers of the annulus 
were reported to be 4 to 5 times greater than externally applied compressive stresses.  
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Under bending or torsion, the fibers may be loaded in direct tension.  Therefore, the 
structure of the annulus is a major contributing factor to the mechanics of the 
intervertebral disc.   
 
1.1.3 Endplate 
 The endplate is located above and below each intervertebral disc, directly adjacent 
to vertebral bodies.  Each is comprised of both a cartilaginous endplate (CEP) and a bony 
endplate (BEP).  The CEP is a layer of hyaline cartilage comprised of type II collagen, 
proteoglycans, and water.  The BEP is a calcified layer of cartilage located adjacent to 
vertebral bone.  In terms of function, the endplate is the primary route for nutrition 
transport and fluid flow into and out of the disc (Urban, Smith, and Fairbank, 2004).  In 
addition, endplates function in intervertebral disc metabolism (Buckwalter, 1982; Ogata 
and Whiteside, 1981), the growth of vertebral segments (Bernick and Cailliet, 1982), and 
the transmission of stresses to vertebral bone (Keller, Spengler, and Hansson, 1987).  
Furthermore, endplates facilitate the transmission of loads across the remaining structures 
of the intervertebral disc. 
 When considering the distribution of stresses across the endplate, stress refers to 
the component of the stress tensor directly perpendicular to the endplate and is implicated 
in the processes of growth and degeneration of the intervertebral disc (Horst and 
Brinckmann, 1981).  Stress distribution patterns across the endplate are dependent upon 
localization of the motion segment, inclination of the endplate under compression, and 
degeneration.  When compressive load is applied centrally, stress distribution across the 
surface of the endplate may be assumed to be uniform, regardless of the degenerative 
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state of the endplate.  However, eccentric loading results in non-uniform, asymmetric 
stress distribution patterns across degenerate endplate structures. 
 In embryonic and early stages of life, the CEP occupies the majority of the 
intervertebral space and is penetrated by large vascular channels throughout.  At birth, the 
channels are less distinct.  Between the ages of 4 and 6 years, the endplate consists of an 
inner growth plate zone and a calcified layer of articular cartilage adjacent to the 
diaphyseal bone trabeculae. (Bernick and Cailliet, 1982)  With maturation, the thickness 
of the growth plate gradually decreases and the thickness of the cartilaginous layer 
increases.  In mature adults, the cartilaginous layer includes a 0.6 mm thick layer of 
hyaline cartilage with low water content, 58% (dry weight of tissue), and high collagen 
content, up to 71% (dry weight of tissue) (Roberts, et al., 1989).  With degeneration, the 
cartilaginous layer of the endplate is calcified and replaced by bone.  In addition, blood 
vessels at the junction of the endplate and vertebral bone may become partially or 
completely blocked (Benneker, Heini, Alini, Anderson, and Ito, 2005).  Both calcification 
and occlusion of bone marrow contact channels are implicated in decreased permeability 
of the endplate.  These changes may ultimately result in degenerative structural and 
compositional changes within the remaining structures of the intervertebral disc, namely 
the annulus fibrosus and nucleus pulposus (Bernick and Cailliet, 1982). 
Degenerative changes within the intervertebral disc result in a transfer of load 
from the nucleus pulposus to the fibers of the annulus fibrosus.  These fibers directly 
anchor into the periphery of the endplate at an oblique angle, transferring a component of 
tensile stress directly to the endplate.  Therefore, disc degeneration may lead to increased 
loading of the human endplate and further degeneration. 
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1.2 Normal Aging and Degeneration of the Intervertebral Disc 
 The intervertebral disc is largely avascular and aneural in nature.  Furthermore, it 
is sparsely populated with cells.  Poor blood supply and low cell density may contribute 
to poor nutrition, age-related deterioration, and pathological degeneration of the disc. 
(Mow and Huiskes, 2005) 
 As the spine ages, the intervertebral disc undergoes noteworthy changes in 
structure and composition (Barbucci, 2002).  With skeletal maturity, fibrocartilaginous 
tissue replaces nucleus pulposus tissue, fissures or cracks appear within the annulus 
fibrosus, and the intervertebral disc exhibits an overall loss of height (Vernon-Roberts, 
1987).  These gross structural changes are accompanied by a pronounced decline in 
proteoglycan and water content (Urban and McMullin, 1988).  Noncollagenous protein 
concentrations increase (Dickson, Happey, Pearson, Naylor, and Turner, 1967), and 
granular materials likely to contain degraded matrix molecules accumulate within the 
disc (Buckwalter, 1982).  Furthermore, reductions in vascularization of the outer annulus 
and ossification of vertebral endplates result in an overall reduction of diffusion of 
solutes across the disc, ultimately compromising intervertebral disc nutrition (Urban and 
Roberts, 2003).  In the elderly, the entire disc may be replaced by a thin layer of fibrotic 
tissue separating adjacent vertebral bodies.  Age-related deterioration of intervertebral 
disc structure, composition, and function are major contributing factors to common 
clinical disorders of the axial skeleton including herniation of the intervertebral disc and 
degenerative disease of the spine (Buckwalter, Boden, Eyre, Mow, and Weidenbaum, 
2000). 
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 Degenerative disease of the spine is loosely defined as a continuum of mechanical 
deterioration secondary to multiple etiologies including aging, trauma, and poor nutrition, 
of a functional spinal unit.  Symptoms may include mechanical pain, inflammatory pain, 
radicular pain, or stenosis; however, degenerative disease may or may not be 
symptomatic.  A pathophysiological model of the intervertebral disc has been introduced 
(Kirkaldy-Willis, 1983; Kirkaldy-Willis, Wedge, Yong-Hing, and Reilly, 1978; Yong-
Hing and Kirkaldy-Willis, 1990).  The model is described by a degenerative cascade 
defined by three stages: dysfunction, instability, and stabilization.  Figure 3 shows the 
intervertebral disc at various stages of degeneration. 
 
 
 
 
Figure 3: Intervertebral disc degeneration. 
Reprinted from Spine Technology Handbook, 1st edition, S. Kurtz and A. Edidin, 
“Structure and Properties of Soft Tissues in the Spine,” p. 48, (2006),  
with permission from Elsevier. 
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 The dysfunction stage describes initial changes within the intervertebral disc 
observed at the onset of degeneration.  Pathological tissue alterations are minimal and 
may include decreased proteoglycan concentrations within the nucleus, increased type I 
collagen concentrations within the inner annulus, and circumferential and/or radial 
fissuring or tearing along the outer annulus.  Clinically, low back pain is intermittent and 
self-limiting.  Often, pain is associated with a postural component or prolonged loading at 
end-range.  During the dysfunction stage, pain responds well to conservative treatment 
including rest or physical therapy.   Clinical symptoms characteristic to this stage of 
degeneration may stem from repetitive microtrauma to spinal structures including 
vertebral endplates and motion segments.  Trauma to the endplates may result in ischemic 
conditions, compromising nutritional and metabolic transport across the disc.  It has been 
hypothesized that repetitive microtrauma to motion segments may illicit proteoglyan 
fragmentation, a condition that may lead to consequential effects including reduced disc 
hydration and resiliency (Chung, Pradhan, and Bae, 2007). 
 The second stage of disc degeneration, instability, represents more severe tissue 
damage.  Damage includes a further decline in proteoglycan concentrations and 
consequent dehydration of the nucleus pulposus.  A decline in hydrostatic nuclear 
pressure causes the annulus fibrosus to bulge both radially outwards and inwards, 
decreasing intervertebral disc height.  Tearing and delamination of fibrous layers within 
the annulus fibrosus are apparent.  These compositional and structural changes ultimately 
lead to vertebral segment instability.  Clinically, episodes of low back pain are more 
severe and longer in duration.  Hypermobility and ligamentous pain are pronounced.  
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Conservative treatment, including rest and physical therapy, gives temporary relief to the 
patient.   
 The final stage of the degenerative cascade, stabilization, represents end-stage 
tissue damage and attempts at repair.  The destruction of vertebral endplates and gross 
fissuring of annulus fibrosus tissue reverses previous ischemic conditions, increasing 
nutritional and metabolic transport across the disc.  Molecules including catabolic cells, 
metalloproteinases, and cytokines may enter the intervertebral space, promoting nucleus 
pulposus resorption and remodeling.  Disc resorption may continue until end-stage disc 
collapse, disc fibrosus, and osteophyte formation.  Patients report pain relief and stiffness.  
Lower extremity symptoms may prevail over low back pain due to narrowing and 
collapse of the neural foramen and lateral recesses. 
 
1.3 Disease Prevalence 
 Low back pain has been classified as the most widespread orthopedic condition in 
the United States, where eleven percent of the US population has been reported to 
experience pain severe enough to impair daily activity (Carey et al., 1996).  Related 
treatment costs sum to $91 billion per year and serve as a major contributing factor to 
rising healthcare costs (Luo, Pietrobon, Sun, Liu, and Hey, 2004).  Studies have 
demonstrated that low back pain is associated with signs of degeneration within the 
lumbar intervertebral disc (Luoma et al., 2000). 
 The current continuum of care for low back pain management can be described 
within four stages (Girardi, 2007): 
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(1) Conservative treatment including bed rest, pain medication, and physical therapy. 
(2) Surgical intervention including discectomy, removal of herniated disc material, or 
laminectomy, removal of lamina vertebral bone. 
(3) Aggressive surgical intervention including total disc arthroplasty.   
(4) Aggressive surgical intervention including spinal fusion.  Fusion allows for the 
surgical elimination of painful motion, however, this procedure is highly invasive, 
expensive, and associated with prolonged recovery times. 
 An estimated 30 million people in the US experience low back pain per year.  Of 
this population, 4.5 million people continue to experience pain after conservative 
treatment.  Only ten percent of these patients are candidates for more aggressive 
treatment such as total disc replacement or spinal fusion. (Girardi, 2007)  Due to gaps in 
the current continuum of care, there is no well defined treatment scenario for a significant 
number of patients with unresolved pain.  For these patients, conservative treatment must 
be continued until the condition worsens to the extent that surgical intervention is 
required.   
 
1.4 Current Treatment 
 The Food and Drug Administration (FDA) defines fusion devices as medical 
devices intended to stabilize the spine by fusing motion segments.  Non-fusion devices 
are intended to stabilize the spine and retain functional motion.  Such devices include 
intervertebral disc prostheses and disc nucleus replacements. (Food and Drug 
Administration, 2000)  By definition, a nucleus pulposus replacement device fulfils two 
criteria: 
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(1) the device replaces only the damaged or diseased nucleus, and 
(2) the device preserves surrounding anatomical structures, including the annulus 
fibrosus, vertebral endplates, and ligamentous structures. 
 Current surgical treatment options for low back pain including spinal fusion and 
discectomy relieve pain, however, these procedures do not restore the normal range of 
motion of the spine.  Furthermore, surgical fusion stresses adjoining spinal levels, 
potentially accelerating disc degeneration within adjacent levels. (Eck, Humphreys, and 
Hodges, 1999; Lee, 1988; Schlegel, Smith, and Schleusener, 1996)  A nucleus 
replacement device may serve as an effective form of treatment for disc degeneration, 
relieving discogenic pain, correcting load distribution within the disc, and restoring the 
overall range of motion of the spine.  The goal of this treatment modality is to restore, 
maintain, or improve the physiologic function of the spinal segment while maintaining 
the geometry of the index intervertebral disc.  These devices are indicated for the 
treatment of early stage disc degeneration and therefore also aim to slow the progression 
of the degenerative cascade within spinal column. 
 From a historical perspective, various designs for a suitable nucleus pulposus 
replacement device have encompassed a wide range of geometries and materials.  Early 
attempts included replacement with stainless steel, polymethylmethacrylate (PMMA), 
and silicone.  In the late 1950s, Fernstrom attempted to preserve motion by replacing the 
nucleus with a stainless steel ball bearing.  Although initial clinical results were 
promising for patients treated for sciatic pain, suboptimal outcomes were noted for 
patients with spondylolisthesis and severe facet arthropathy.  In the early 1960s, the use 
of injectable polymethylmethacralate was investigated; however, flow control problems 
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and poor clinical outcomes limited its success.  As an alternative approach, Nachemson 
injected a self-curing silicone into the intervertebral disc space in cadavers.  The use of 
silicone as a polymeric orthopedic biomaterial for nucleus replacement has been 
investigated for decades.  Despite its superior mechanical properties, silicone synovitis 
and associated complications may adversely affect clinical outcomes. (Carl, Ledet, Yuan, 
and Sharan, 2004; Coric and Mummaneni, 2008; Kurtz and Edidin, 2006)  
 Such historical approaches towards nucleus pulposus replacement primarily failed 
due to poor understanding of intervertebral disc mechanics.  Although these devices 
restore intervertebral disc height, these devices did not represent the mechanical 
properties of the nucleus.   
 Lumbar nerve impingement may lead to sciatica, and pressure within the disc may 
contribute to mechanical pain.  However, the primary low back pain generator remains 
unknown.  Contemporary devices aim to alleviate low back pain through two approaches: 
restore disc height or restore intervertebral disc biomechanics.  Restoration of 
intervertebral disc height results in distraction of the nuclear cavity.  This geometry may 
correct stress distribution within the disc by creating tension within the fibers of the 
annulus.  By correcting stress distribution within the disc, intervertebral disc 
biomechanics may be restored. 
 Currently, there are more than twenty nucleus replacement devices in concept or 
development stage worldwide (Cunningham, Girardi, and Bertagnoli, 2007).  These 
devices represent a wide range of material, geometric, and functional design 
considerations.  In general, elastomeric nucleus replacement devices are constructed from 
hydrogel and nonhydrogel polymers that may function as preformed or in situ curing 
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devices.  Hydrogels are synthetic polymers that exhibit fluid-dependent, weight-bearing 
properties.  As observed within native nucleus tissue, hydrogels exude fluid under load 
and imbibe fluid when load is removed.  Preformed devices are designed to undergo 
controlled deformation under load, whereas in situ curing devices are designed to swell 
and maximally fill the nuclear cavity.  Nonhydrogel replacements are constructed from 
low-friction materials with shock absorption capabilities such as polyurethane.   
 Preformed devices are directly implanted into the nuclear cavity.  These devices 
provide uniform polymer properties and superior biocompatibility.  On the other hand, in 
situ formed devices may be injected into the nuclear cavity as a viscous solid.  These 
devices cure within the nuclear cavity allowing for improved implant conformity and 
decreased risk of implant subsidence and expulsion (Finn, Fassett, and Vaccaro, 2007).  
Furthermore, in situ formed devices may be implanted through a smaller annular window 
when compared to preformed devices. 
 A summary of contemporary, elastomeric nucleus replacement devices is 
provided in Table 2.  Device name, manufacturer, and material are reported.  Indications 
on degree of nucleotomy to be performed prior to implantation are also noted.  To 
prepare the nuclear cavity for nucleus replacement, a partial (0-33% removal), subtotal 
(34-66% removal), or total (67-100% removal) nucleotomy may be performed.  It is 
important to note that these devices are still under conceptual and/or investigational 
stages of development.  Presently, there are no commercially available, FDA approved 
nucleus replacement devices in the United States. 
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Table 2: Nucleus replacement devices. 
Device Manufacturer Class Material Nucleotomy 
Aquarelle Stryker preformed hydrogel 
polyvinyl 
alcohol total 
BioDisc Cryolife in situ curing  hydrogel bovine albumin total 
DASCOR Disc Dynamics in situ curing  non-hydrogel polyurethane total 
DiscCell Gentis in situ curing  hydrogel 
polymerized 
water-in-oil 
emulsion 
total 
HydraFlex Raymedica preformed hydrogel 
polyacrylonitrile 
polyacrylamide 
with polyethylene 
jacket 
total 
Geliflex Synthes in situ curing  hydrogel 
polyvinyl alcohol / 
polyvinyl 
pyrollidine 
copolymer 
partial 
Neudisc Replication Medical 
preformed 
hydrogel 
partially 
hydrolyzed acrylic 
copolymer 
subtotal 
NuCore Spine Wave in situ curing  hydrogel 
silk elastin 
copolymer partial 
PDN-SOLO Raymedica preformed hydrogel 
polyacrylonitrile 
with polyethylene 
jacket 
subtotal or total
Sinux ANR Sinitec, AG / DePuy Spine 
in situ curing  
non-hydrogel silicone partial 
 
 
 
 Contemporary nucleus replacement devices have been indicated for the treatment 
of early stage degenerative disc disease or central herniation with an intact annulus.  
These devices are also indicated as a prophylactic after microdiscectomy procedures 
where nuclear material has been removed.  The candidate patient population for nucleus 
arthroplasty must be appropriately selected to promote effectivity of treatment.  Patient 
inclusion and exclusion criteria are summarized in Table 3.  In general, clinical 
indications for total lumbar disc replacement include male or female subjects between the 
ages of 20 and 60 years of age (inclusive) who have been diagnosed with single or two 
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level symptomatic degenerative disc disease (L2-S1) and have been unresponsive to six 
or more months of non-operative treatment (i.e., unsatisfactory improvement in function, 
insufficient pain resolution, or not subjectively better). 
 
 
 
Table 3: Patient inclusion and exclusion criteria for nucleus arthroplasty. 
Reprinted from Nucleus Arthroplasty Technology in Spinal Care, 1st edition, R. 
Davis, F. Girardi, and F. Cammisa (Eds.), “Examination, Radiologic and Diagnostic 
Evaluations, and Patient Indications,” p. 17, (2007), with permission from 
Raymedica, LLC. 
Inclusion Criteria  Exclusion Criteria 
• Mild to moderate degenerative disc 
disease 
• Back pain and/or leg pain (L2-S1) 
• Skeletally mature 
• Failed conservative care (6+ months) 
• Loss in disc height less than 50%, 
based on adjacent normal disc 
• Reasonable physical condition and 
weight (BMI<30) 
• Documented pain/impact on quality of 
life (VAS, ODI, SF-12/36) 
 • Allergies to device materials 
• Congenital bony or spinal 
abnormalities 
• Spondylolisthesis 
• Spinal stenosis (severe) 
• Spinal segment instability 
• Facet degeneration 
• Schmorl’s nodules or endplate 
irregularities 
• Osteoporosis 
• Infection or malignancy 
• Significant emotional or psychological 
issues 
 
 
 
1.5 Problem Statement 
Under normal physiological conditions, the nucleus pulposus exerts hydrostatic 
pressure upon fibers within the annulus fibrosus, resulting in uniform load distribution 
within the disc.  However, the intervertebral disc may undergo dramatic changes in 
structure and composition with normal aging and pathological degeneration.  With 
degeneration, the nucleus pulposus loses its ability to retain water.  Consequently, the 
nucleus depressurizes resulting in an abnormal stress state within the disc.  With repeated 
loading, such changes in stress distribution may result in cracks and fissures within the 
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annulus, and possible nucleus subsidence and bulging.  Current treatment options 
including spinal fusion and discectomy relieve pain, however, these procedures do not 
restore the normal range of motion of the spine.  Total disc arthroplasty and nucleus 
pulposus replacement devices may serve as effective forms of treatment for disc 
degeneration, relieving pain, correcting load distribution within the disc, and restoring the 
overall range of motion of the spine. 
 Currently, there are no FDA approved nucleus replacement devices.  Although 
nucleus replacement devices may offer many benefits compared to the current standard of 
care, device design issues and clinical concerns must be addressed in order to gather data 
necessary to demonstrate their safety and effectiveness.  Testing protocols to characterize 
wear and fatigue of nucleus pulposus replacement devices are part of pre-clinical testing 
necessary for regulatory submission.  These protocols are generally based on pure axial 
compression or torsion only.  However, these devices are subjected to very complex in 
vivo loading conditions.  Therefore, there is a need for an appropriately designed pre-
clinical test to characterize the wear and fatigue of these devices. 
 Techniques for wear evaluation of NPRs have been derived from testing protocols 
created for total disc replacement devices.  Current methods to evaluate wear of total disc 
replacement devices require candidate devices to survive 10 million cycles of combined 
axial loading, axial rotation, lateral bending, and flexion/extension.  Spine wear 
simulators are used to accomplish motions suggested in related wear guidance standards.  
Although similar requirements may apply to nucleus pulposus replacement devices, the 
need for and selection of an appropriate surrogate intervertebral disc model to interface 
with available wear simulators, along with the wide variety of available device designs 
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and materials, complicates the standardization of an in vitro testing protocol for 
preclinical testing of this device. 
 A surrogate annulus fibrosus model (SAFM) for multidirectional wear and fatigue 
testing of nucleus pulposus replacement devices has been designed and validated (Siskey, 
Villarraga, Guerin, Shah, & Kurtz, 2008).  The reported stiffness for intact cadaveric 
anterior column units ranges from 772 to 3040 N/mm, where the stiffness of the 
nucleated anterior column unit has been reported to be 44% stiffer than that of the 
denucleated unit (Joshi, et al., 2006; Langrana, Edwards, and Sharma 1996; White and 
Panjabi, 1990).  Intact anterior column units have demonstrated between 0.005 and 2.410 
mm of radial annulus fibrosus bulge (Meakin, Redpath, and Hukins, 2001).  The 
measured stiffness of the model and radial bulge of the sample chamber have been 
validated to match that observed during cadaveric testing of functional spinal units.  
However, this model is comprised of the annulus fibrosus only.  Within the human 
intervertebral disc, the nucleus pulposus is bounded by both the annulus fibrosus and 
endplates. 
 Rigid posts interface with the superior and inferior faces of the sample nucleus 
pulposus replacement device during testing within the current surrogate annulus fibrosus 
model.  As a result, load sharing across this interface does not compare to in vivo loading 
conditions and the material interface at this articulation is not representative.  Therefore, 
there is a need to optimize the current model by incorporating more representative 
endplate interfaces. 
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1.6 Specific Aims 
The specific aims of this study were: 
(1) To identify synthetic materials that may be used to represent the functional 
mechanical and material properties of the human intervertebral disc endplate.  A 
validation study was performed to verify that materials represent properties of 
human endplate tissue. 
(2) To optimize the endplate interface of a physical, surrogate intervertebral disc 
model for use in wear and fatigue testing of nucleus pulposus replacement 
devices, using a synthetic material identified in Specific Aim 1.  This model 
interfaced with a six degree-of-freedom spine wear simulator (MTS, Eden Prairie, 
MN).  A validation study was conducted to assess the performance of the model 
in accordance with ISO 18192-1 over 2.5 million cycles. 
 
1.7 Surrogate Intervertebral Disc Model Design Process 
 Design criteria for the endplate interface within the surrogate intervertebral disc 
model for multidirectional wear and fatigue testing of nucleus pulposus replacement 
devices were drawn from literature on the mechanical, material, morphological, and 
physiological properties of the human endplate.  The final design process was an iterative 
process conducted within two distinct phases.  As part of Phase I, synthetic materials 
were evaluated to identify materials that may justifiably represent functional mechanical 
and material properties of the human endplate.  During Phase II, the morphology of the 
surrogate endplate was designed to interface with the current surrogate annulus fibrosus 
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model using the material identified during Phase I.  This process is diagramed in Figure 4 
below.   
 
 
 
 
Figure 4: Surrogate endplate interface design process. 
 
 
 
 The optimized surrogate intervertebral disc model was designed to express 
physiologically relevant properties reported in literature: 
1. Stiffness of anterior column unit between 772 and 3040 N/mm 
(Joshi, et al., 2006; Langrana, Edwards, and Sharma 1996; White and Panjabi, 1990) 
2. Stiffness of denucleated anterior column unit 44% less than stiffness of intact unit 
(Joshi, et al., 2006) 
3. Changes in nuclear cavity geometry with compression 
a. Outward bulging along radial direction between 0.005 and 2.410 mm 
(Meakin, Redpath, and Hukins, 2001) 
b. Outward bulging along axial direction 
(Brinckmann, Frobin, Hierholzer, and Horst, 1983) 
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In addition, the model was designed to integrate with a 6 degree of freedom spine wear 
simulator (MTS, Eden Prairie, MN) used to apply motions and loads prescribed in 
industry wear guidance standards for total disc replacement devices.  A validation study 
was conducted to assess the performance of the model in accordance with ISO 18192-1 
over 2.5 million cycles.  Therefore, the materials used to comprise the model were chosen 
to also withstand 2.5 million cycles of wear testing with minimal wear particle 
generation.   
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2. METHODS AND MATERIALS 
 This section is organized into three main parts: material evaluation, surrogate 
intervertebral disc model creation, and wear testing.  A broad range of candidate 
materials were evaluated to identify a synthetic material that may be used to adequately 
represent the mechanical and material properties of the human endplate.  The identified 
material was incorporated as the endplate interface within a physical, surrogate 
intervertebral disc model.  A total of eight models were created, and a validation study 
was conducted using a standard wear testing protocol. 
 
2.1 Material Evaluation 
 
2.1.1 Candidate Materials for Evaluation 
A broad range of off-the-shelf, synthetic materials were evaluated to identify 
materials that may be used to represent the functional mechanical and material properties 
of the human endplate.  Materials included urethane rubbers, urethane foams, silicone 
rubbers, and medical grade biomaterials (Figure 5).  A group of 10 urethane rubbers and 
7 urethane foams from three different manufacturers were investigated.  Rubbers were 
chosen to be comparable in stiffness to the rubber used to comprise the annulus in the 
previously validated surrogate annulus fibrosus model (Siskey, Villarraga, Guerin, Shah, 
and Kurtz, 2008).  Specifically, rubbers with shore hardness ranging from 10A to 70A 
were evaluated.  Urethane foams in all available grades from one manufacturer were also 
evaluated.  Finally, medical grade polymers including porous ultra high molecular weight 
polyethylene and polycarbonate urethane were obtained for evaluation.  These materials 
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are currently used within medical implant designs and are known to have superior wear 
properties.   
 
 
 
 
Figure 5: Candidate synthetic materials for the surrogate cartilaginous endplate.  
Manufacturers and commercial product names are reported for each material 
evaluated. 
 
 
 
2.1.2 Candidate Material Testing 
 The compressive properties of rubber may be characterized per ASTM D575: 
Standard Test Method for Rubber Properties in Compression.  The significance and use 
of this standard includes aiding the development of rubber materials for compressive 
applications.  This standard was used to characterize the compressive stiffness of the 
synthetic materials considered.  The recommended geometry of each material specimen 
tested was scaled.  The final diameter was chosen to match that of the nucleus pulposus 
replacement device it would interface with when integrated into the final surrogate 
intervertebral disc model.  Specifically, materials were molded into cylindrical specimens 
(25.4 mm diameter, 11.1 mm height).   
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The resulting data may not be adequately compared to data reported for cartilage.  
As shown in Table 4, the maximum deflection and strain rates prescribed in the standard 
are much higher than those reported for physiologically relevant rates incorporated into 
representative protocols used to characterize the mechanical properties of cartilage 
(Ateshian, Warden, Kim, Grelsamer, and Mow, 1997; Bursac, Obitz, Eisenberg, and 
Stamenovi, 1999; DiSilvestro and Suh, 2001; Guerin et al., 2007; Jurvelin, Buschmann, 
and Hunziker, 1997; Korhonen et al., 2002). The initial ramp rates are reported as both 
deflection rates and strain rates.  The strain increment is listed for stepwise stress-
relaxation tests.  Maximum strain specified within each protocol is also reported. 
 
 
 
Table 4: Representative protocols to characterize compressive material properties 
of rubber (ASTM D575) and articular cartilage. 
Study 
Average 
Specimen 
Height 
Deflection 
Rate 
Strain 
Rate 
(strain/s) 
Strain 
Increment 
Maximum 
Strain 
ASTM D575 11.1 mm 1.25 mm/s 1.1E-1 - 20% 
Ateshian et al., 1997 1.4  mm 0.25 μm/s 1.8E-4 10% 50% 
Bursac et al., 1999 3.3 mm 0.115 μm/s 3.0E-5 3% 15% 
DiSilvestro et al., 2001 1.3 mm 1.3 μm/s 1.0E-3 - 15% 
Guerin et al., 2007 0.7 mm 250 μm/s 3.4E-1 - 10% 
Jurvelin, 1997 1.0 mm 1 μm/s 1.0E-3 1% 20% 
Korhonen et al., 2002 1.4 mm 1 μm/s 7.1E-4 5% 20% 
 
 
 
Therefore, to adequately compare the material properties of synthetic materials to 
properties reported for cartilage, the protocol described in one of these representative 
studies was adapted.  As demonstrated by Korhonen et al., the equilibrium response of 
articular cartilage under unconfined and confined compression may be satisfactorily 
described by an isotropic elastic model (2002).  Rubbers are also isotropic, linearly 
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elastic materials, justifying this selection.  Furthermore, properties of the cartilaginous 
tissue matrix may be characterized under quasistatic loading conditions similar to loading 
specified in this study.  Rapid loading may induce fluid-dependent, viscoelastic effects, 
which are not considered in the present model as described in Section 4.3. 
 Materials considered for evaluation were molded into cylindrical specimens (25.4 
mm, diameter and 10.0 mm, height).  An MTS Minibionix 858 servohydraulic load frame 
(MTS, Eden Prairie, MN) with calibrated load cell was used for mechanical testing and 
characterization.  Specimens were characterized under unconfined compression.  To 
minimize friction, all material-metallic platen interfaces were lubricated with oil.  A 
stepwise stress-relaxation test was performed up to a strain of 20%, where each step was 
defined as 5% uncompressed material thickness at a ramp rate of 0.001 strain/second.  
With respect to each applied step, the criterion for complete relaxation was a relaxation 
rate <1000Pa/min.  The aggregate modulus (HA) was determined as the ratio of the 
equilibrium stress to equilibrium strain at each step and reported.  Results were compared 
to values of modulus reported for cartilage in literature. 
Results for one urethane rubber of shore hardness 64A (RenCast 6401-1, 
Huntsman Advanced Materials America, Inc., Los Angeles, CA) showed that the 
compressive modulus of the synthetic material was four orders of magnitude higher than 
that reported for cartilage.  The equilibrium modulus of this urethane rubber was 
determined to be 4946 ± 673 kPa.  The equilibrium moduli for humeral, patellar, and 
femoral cartilage harvested from bovine specimens have been reported to be 0.80 ± 0.33 
kPa, 0.57 ± 0.17 kPa, and 0.31 ± 0.18 kPa, respectively (Korhonen, 2002). 
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Therefore, validated finite element models of the human intervertebral disc were 
reviewed.  Several of these models include a cartilaginous endplate structure modeled as 
an isotropic, linearly elastic, homogenous material.  Given that the complete mechanical 
and material behavior of the human endplate has not been characterized, quantitative 
endplate properties have been averaged for application in these studies.  As shown in 
Table 5, the cartilaginous endplate has been represented by materials with Young’s 
moduli ranging between 5.0 and 23.8 MPa within validated finite element models of the 
human intervertebral disc (Belytschko, Kulak, Schultz, and Galante, 1974; Ferguson, Ito, 
and Nolte, 2004; Martinez, Oloyede, and Broom, 1997; Rao and Dumas, 1991).   
 
 
 
Table 5: Material properties used to represent the cartilaginous endplate in finite 
element models of the intervertebral disc (top).  Material properties reported for 
hyaline cartilage (bottom). 
FINITE ELEMENT MODELS OF CARTILAGENOUS ENDPLATE 
Study Modulus (E) Poisson’s Ratio (ν) 
Belytschko et al., 1974 23.8 MPa 0.40 
Ferguson et al., 2004 5.0 MPa 0.17 
Martinez et al., 1997 10 - 23 MPa 0.40 
Rao et al., 1990 23.8 MPa 0.40 
MATERIAL PROPERTIES OF HYALINE CARTILAGE 
Study Modulus (HA) Material Model 
Akizuki et al., 1986 ET ≤ 30 MPa none 
Lai et al., 1991 HA = 0.48 - 2.00 MPa triphasic theory 
Mow et al., 1980 HA = 0.76 ± 0.03 MN/mm2 biphasic theory 
Setton et al., 1993 HA = 0.44 ± 0.24 MPa biphasic poroviscoelastic theory 
 
 
 
Given the wide variation in reported values for material properties of hydrated 
tissues, properties for cartilaginous endplate structures incorporated into finite element 
models have been selected to lie within the range of tensile and compressive properties 
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reported for hyaline cartilage.  The compressive modulus of RenCast 6401-1 urethane 
rubber used to represent the surrogate cartilaginous endplate interface within the current 
model lies within the range of moduli used to represent cartilaginous endplates in 
validated finite element studies of human intervertebral disc mechanics.   
 
2.2 Surrogate Intervertebral Disc Model Creation 
 A physical, surrogate intervertebral disc model was created for multidirectional 
wear and fatigue testing of nucleus pulposus replacement devices.  The model is 
comprised of 4 parts: surrogate nucleus pulposus replacement device, surrogate annulus 
fibrosus, superior and inferior surrogate cartilaginous endplates, and interface fixtures.  A 
total of 8 models were created for inclusion in the final validation study, where 6 were 
used for wear and fatigue characterization and 2 served as load soak controls. 
a. A surrogate nucleus pulposus replacement device (S-NPRD) was modeled as a 
cylindrical urethane specimen (VytaFlex 10, Smooth-On, Inc., Easton, PA) molded to 
sample chamber dimensions (25.4 ± 0.1 mm, diameter and 10 ± 0.1 mm, height).  
This material has been used as a surrogate nucleus pulposus replacement device in a 
previous study (Siskey, Villarraga, Guerin, Shah, and Kurtz, 2008).  Please see 
Appendix A for material technical datasheet. 
b. A surrogate annulus fibrosus (S-AF) was modeled per methods outlined previously 
(Siskey, Villarraga, Guerin, Shah, and Kurtz, 2008).  Specifically, the S-AF was 
modeled as a cylindrical ring (50.8 mm, outer diameter; 25.4 mm, inner diameter, 10 
mm height) molded from quartz-filled silicone (QM 264, Quantum Silicones, LLC., 
Richmond, VA).  Please see Appendix B for material technical datasheet. 
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c. Superior and inferior surrogate cartilaginous endplate (S-CEP) interfaces were 
modeled from a urethane rubber identified using results from testing described in 
Section 2.1: Material Evaluation (RenCast 6401-1, Huntsman Advanced Materials 
America, Inc., Los Angeles, CA).  The endplate geometry consisted of a cylindrical 
base (25.4 mm, diameter and 12.0 mm, height) with two pairs of cubic arms to 
prevent rotation (6.35 mm per side).  Please see Appendix C for material technical 
datasheet. 
d. The optimized model, with representative endplate interfaces, will be referred to as 
the surrogate intervertebral disc model (S-IVDM).  The construction of the surrogate 
intervertebral disc model is detailed below.   
As shown in Figure 6, two separate S-CEPs interfaced with the superior and inferior 
faces of the S-NPRD, respectively.  The S-AF enclosed the S-NPRD along its 
remaining, exposed surface.  Therefore, the orientation of the sample nucleus 
pulposus replacement device with respect to the surrogate intervertebral disc model 
was comparable to its functional orientation during intended clinical use.  The model 
was integrated into stainless steel fixtures that interface with a six degree of freedom 
spine wear simulator (MTS, Eden Prairie, MN).  As described in Section 2.3, the 
model was wear tested using the spine wear simulator. 
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LEGEND 
 Urethane Rubber 
(VytaFlex 10, Smooth-On, Easton, PA) 
  
 Silicone Rubber 
(QM 264, Quantum Silicones, Richmond, VA) 
  
 Urethane Rubber 
(RenCast 6401-1, Huntsman, Los Angeles, CA) 
  
 Chrome Polished Stainless Steel Interface Rings 
Figure 6: Surrogate intervertebral disc model schematic.  A sagittal cross-sectional 
view is shown. 
 
 
 
e. The injection molding process used to create the S-AF may introduce several 
inconsistencies within the physical model including air bubbles and poorly cured 
interfaces.  Therefore, the physical, surrogate intervertebral disc model was 
manufactured to fulfill two criteria: 
i. Mass of cured silicone material greater than or equal to 60 g.  Each S-AF (n=8) 
was weighed three times in rotation using a calibrated scale (CP324, Sartorius, 
Germany) to confirm its manufactured mass.  All measurements were recorded to 
±0.0001 g precision. 
ii. Stiffness of denucleated and nucleated surrogate intervertebral disc model 
greater than or equal to 1000 N/mm.  Each surrogate intervertebral disc model 
(n=8) was loaded under compression to characterize stiffness using an MTS 
Minibionix 858 servohydraulic load frame (MTS, Eden Prairie, MN) with a 
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calibrated load cell.  Models were evaluated under two conditions: unfilled 
sample chamber and filled sample chamber.  Characterization of the model under 
unfilled and filled states corresponds to denucleated and nucleated states, 
respectively.  Prior to each test, the model was preconditioned under a 
compressive, sinusoidal load applied between 600 and 2000 N at 3.0 Hz for 500 
complete cycles.  To characterize stiffness, models were loaded at 1.0 mm/s to a 
maximum load of 2000 N.  All testing was performed within 0.01 M phosphate 
buffered saline solution maintained at 37 ± 2°C.  A representative model (n=1) 
was imaged using fluoroscopy to assess changes in sample chamber geometry 
under load.  The model was imaged in anterior-posterior view.  The complete test 
setup is shown in Figure 7. 
 
 
 
 
Figure 7: Stiffness characterization test setup.  Specimens are tested within an 
environmental chamber containing 0.01 M phosphate buffered saline solution 
maintained at 37 ± 2°C. 
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1. Linear regression was applied to the region of the loading curve that spanned 
600 to 1000 N of applied load.  Stiffness was defined as the slope of this line 
and reported as average ± standard deviation for each of three loading curves 
recorded per test.   
2. Fluoroscopic image data was analyzed using NIH ImageJ 1.39t (National 
Institutes of Health, Bethesda, Maryland, USA).  The diameter of the sample 
chamber was measured three times to account for intra-operator variability.  
Diameter was reported as (average ± standard deviation) for each of three 
measurements recorded per test. 
 
2.3 Surrogate Intervertebral Disc Model Validation Study 
a. Precharacterization 
i. Polymeric devices may be hydrophobic or hydrophilic in nature.  Consequently, 
water absorption within components over time may confound gravimetric data 
recorded at various intervals during wear testing (See Section 2.3b Wear Testing).  
Therefore, surrogate nucleus pulposus replacement device samples included for 
study were soaked in 0.01 M phosphate buffered solution and incubated at 37oC 
for 37 days prior to wear testing.  Components were weighed daily to ensure 
weight stabilization prior to wear testing.  Specifically, components were weighed 
five times in rotation using a calibrated balance (CP324, Sartorius, Germany).  All 
measurements were recorded to ±0.0001 g precision. 
ii. Dimensional analyses were performed on surrogate nucleus pulposus replacement 
devices and surrogate cartilaginous endplate components.  The initial heights of 
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all components were documented using calibrated micrometers (CD-6” CSX, 
Mitutoyo, Japan) at five consistent locations: anterior-posterior axis, flexion-
extension axis, anterior edge, posterior edge, and flexion edge.  All measurements 
were recorded to ±0.01 mm precision. 
iii. The initial surface topography of the cartilaginous endplate interface was assessed 
using white light interferometry (NewView 5000 Model 5032, Zygo, Middlefield, 
CT).  The articulating surface of each component was measured at three locations.  
All measurements were taken using a low fast Fourier transfer filter, where the 
filter wavelength and frequency were 50 μm-1 and 0.02 μm-1, respectively.  Data 
was analyzed using MetroPro 8.3.1 (Zygo, Middlefield, CT).  High frequency 
features representative of the surface topography were quantified using an average 
surface roughness parameter.  The average surface roughness parameter, Ra, 
represents the average deviation of all points from a center plane fit to the test part 
surface and was determined using the following formula: 
 ܴ௔ ൌ
௒భା௒మା௒యାڮା௒೙
௡
 (1) 
where Y is the distance between each point on the sample surface and the center 
plane and n is the number of points measured. 
iv. Each component of the surrogate intervertebral disc model, including surrogate 
nucleus pulposus replacement device, surrogate annulus fibrosus, and surrogate 
cartilaginous endplates, was photodocumented.  Representative surrogate nucleus 
pulposus replacement devices (n=2) and surrogate cartilaginous endplates (n=2) 
were also imaged using micro-computed tomography.  Specimens were imaged 
using a high-resolution, cone-beam microCT scanner (SCANCO uCT 80, 
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SCANCO Medical AG, Switzerland). All specimens were scanned with a uniform 
volumetric resolution of 60 microns (16 bit precision) using a 1024x1024 in-plane 
image matrix.  The scanner energy was maintained at 45kVp (177μA) for the 
duration of imaging.  The volumes of imaged components were determined from 
three-dimensional reconstructions of micro-computed tomography image data 
using Analyze 8.0 (Mayo Clinic, Overland Park, KS). 
 
b. Wear Testing 
i. The surrogate intervertebal disc model for wear and fatigue testing of nucleus 
pulposus replacement devices was validated on a six degree-of-freedom spine 
wear simulator (MTS, Eden Prairie, MN).  A total of 8 surrogate intervertebral 
disc models were included in this validation study, where 6 were used for wear 
and fatigue characterization and 2 served as load soak controls.  Model orientation 
within the spine wear simulator is shown in Figure 8. 
 
 
 
 
Figure 8: Spine wear simulator (left) and representative surrogate intervertebral 
disc model orientation within simulator (right). 
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ii. Spine wear simulator motions were applied in accordance with lumbar loading 
and displacement parameters specified in ISO 18192-1:  Implants for Surgery – 
Wear of Total Intervertebral Spinal Disc Prostheses. 
1. A right-handed Cartesian coordinate system is established with respect to the 
simulated anatomic orientation of the surrogate intervertebral disc model.  As 
shown in Figure 9, the positive x-, y-, and z- axes are directed anteriorly, 
laterally, and superiorly, respectively.  Prescribed motions are defined with 
respect to this anatomic coordinate system (Table 6). 
2. Each wear tested component is subjected to a time varying axial force, 
together with specified relative angular displacements.  As shown in Figure 
10, flexion/extension and lateral bending are ninety degrees out of phase.  
Lateral bending and axial rotation are 180 degrees out of phase.  It is 
important to note that peak compressive force and maximum flexion are 
coincident within each cycle.  Flexion-extension and lateral bending are 
applied to the superior side of the model, whereas axial load and axial rotation 
are applied to the inferior side.  The x-y translation table located inferior to the 
model was free to translate in both the anterior-posterior and medial-lateral 
directions.   
Three calibrated rotary encoders measure axial rotation, flexion-extension 
rotation, and lateral bending rotation applied at each station.  Calibrated 5 kN 
axial load cells are used to determine axial load applied at each station.  
Recorded load data is used to provide feedback to the command signal. 
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3. The load soak control station is subjected to axial load only.  Control 
specimens are subjected to the same time varying axial force as wear tested 
specimens to determine specimen creep and/or the amount of mass change 
due to fluid transfer.  
 
 
 
Table 6: Definition of motions. 
Motion Definition Range of Motion / Loading 
Axial Rotation angular movement in the 
transverse plane around the x-
axis 
-2o to 2o 
Flexion / 
Extension 
angular movement in the sagittal 
plane around the y-axis -3
o to 6o 
Lateral Bending angular movement in the frontal 
plane around the x-axis -2
o to 2o 
Axial Load sinusoidally applied load along 
the z-axis 600 to 2000 N 
 
 
Flexion / Extension Lateral Bending Axial Rotation 
 
Figure 9: Definition of angular movements and coordinate axes. 
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Figure 10: ISO 18192-1 lumbar motion and loading profiles.  Motions and loads 
were applied at 3.0 Hz and 6.0 Hz, respectively. 
 
 
 
4. By definition, one cycle is the shortest repetitive interval for all motions and 
loads combined.  One Hertz represents the completion of a full cycle (100%) 
in one second.  Angular rotations and axial loading were applied at 3 Hz and 6 
Hz, respectively.  A discussion on the justification for applied testing 
frequencies is provided in Section 4.1: Wear Testing Protocol Selection.   
iii. Each surrogate intervertebral disc model was immersed phosphate buffered saline 
maintained at 37 ± 2°C for the duration of testing.  This buffer solution is isotonic 
with respect to human body composition; the solution osmolarity and solution ion 
concentrations correspond to osmolarity and ion concentrations found within the 
body (Heneghan and Riches, 2008). 
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iv. Wear testing was terminated at the completion of 2.5 Mcycles.  The spine wear 
simulator was stopped every 0.5 Mcycles to complete the following interval 
analyses: 
1. The fluid lubrication medium was replaced.  Used station fluid was saved for 
future wear particle analysis. 
2. Gravimetric and dimensional analyses were performed on each surrogate 
nucleus pulposus replacement device. 
3. Wear tested surrogate nucleus pulposus replacement devices were evaluated 
with optical microscopy for evidence of wear and/or macro- or micro- fatigue 
damage features.  All specimens were also photodocumented. 
 
c. Post-Characterization 
i. The stiffness of each surrogate intervertebral disc model (n=8) was evaluated 
under both denucleated and nucleated states and compared to baseline data.   
ii. Photodocumentation, dimensional analysis, and white light interferometry were 
performed on each surrogate cartilaginous endplate to compare to baseline data 
(n=16). 
iii. All surrogate nuclei (n=8) and representative endplates (n=4) were imaged with 
micro-computed tomography to confirm observed wear and damage.  The 
volumes of representative components were determined using three-dimensional 
reconstructions of micro-computed tomography image datasets using Analyze 8.0 
(Mayo Clinic, Overland Park, KS) to compare to baseline data. 
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d. Statistical Analyses 
i. Changes in stiffness between denucleated and nucleated surrogate intervertebral 
disc models after 0.0 Mcycles and 2.5 Mcycles of wear testing were determined 
using results from a Student’s t-test.  Changes in overall height and articulating 
average surface roughness of surrogate cartilaginous endplate components were 
also determined using a student t-test.  Significance was defined as p<0.05.  
Results were determined using Microsoft Excel 2007 and confirmed using JMP 
8.0 statistical software (SAS Institute Inc., Cary, NC). 
ii. Total mass loss from surrogate nucleus pulposus replacement devices was 
recorded at various intervals and modeled using JMP 8.0 statistical software (SAS 
Institute Inc., Cary, NC).  The coefficient of determination, r2, and p-value 
(p<0.05) were used to determine the strength and significance of results. 
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3. RESULTS 
 This section is organized into five main subsections: stiffness testing, imaging, 
gravimetric analysis, dimensional analysis, and surface roughness.  Results from baseline 
and endpoint stiffness testing of the surrogate intervertebral disc model are presented in 
Section 3.1.  Fluoroscopic images, three-dimensional renderings from micro-computed 
tomography image datasets, and general photodocumentation results are presented in 
Section 3.2.  Results from all gravimetric and dimensional analyses are reported in 
Sections 3.3 and 3.4, respectively.  Finally, results from baseline and endpoint white light 
interferomety measurements on superior and inferior surrogate cartilaginous endplates 
are presented in Section 3.5. 
 
3.1 Stiffness Testing 
 The stiffness of the surrogate intervertebral disc model was evaluated under two 
conditions: denucleated sample chamber (unfilled) and nucleated sample chamber 
(filled).  Each model was manufactured to express a compressive stiffness greater than or 
equal to 1000 N/mm.  Stiffness values determined under filled states were significantly 
higher than values determined under unfilled states for all conditions (all p<0.05).  Data 
is represented in Table 7 and Figure 11 below.   
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Table 7: Stiffness data for the surrogate intervertebral disc model (Average ± SD). 
Cycles 
Load Soak Wear Tested 
Denucleated 
(N/mm) 
Nucleated 
(N/mm) 
Denucleated 
(N/mm) 
Nucleated 
(N/mm) 
0.0 MC 1078.6±42.4 1379.7±132.2 1144.4±74.7 1709.6±125.8 
2.5 MC 1041.3±35.7 1361.1±85.7 976.3±68.0 1404.0±136.0 
 
 
 
   
  
Figure 11: Surrogate intervertebral disc model stiffness data for load soak (left) and 
wear (right) stations. 
 
 
 
 After 2.5 Mcycles of wear testing, the stiffness of the denucleated and nucleated 
load soak controls decreased by 3.4 ± 0.4% and 1.1 ± 4.4%, respectively.  However, the 
stiffness of the denucleated and nucleated wear tested models showed a greater percent 
decrease.  Specifically, the stiffness of denucleated and nucleated wear tested models 
decreased by 14.6 ± 4.1% and 17.8 ± 6.3%, respectively (Table 8 and Figure 12). 
 The stiffness of the denucleated and nucleated load soak controls did not 
significantly change after 2.5 Mcycles of testing.  Corresponding p-values for 
denucleated and nucleated evaluations were determined to be p=0.13 and p=0.78, 
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respectively.  However, stiffness values for both denucleated and nucleated wear tested 
models were observed to significantly decrease (all p<0.001). 
 
 
 
Table 8: Percent decrease in stiffness of the surrogate intervertebral disc model 
(Average ± SD).  Stiffness values determined before and after 2.5 MC of wear 
testing are compared. 
Sample Chamber Load Soak (%) Wear Tested (%) 
Denucleated 3.4±0.4 14.6±4.1 
Nucleated 1.1±4.4 17.8±6.3 
 
 
 
Denucleated Nucleated 
 
Figure 12: Stiffness values (k) determined before and after 2.5 MC of wear testing 
are compared as represented on model schematics (left).  Percent decrease in 
stiffness of the surrogate intervertebral disc model for load soak (yellow) and wear 
(red) stations are represented (right).   
 
 
 
 The stiffness of the unfilled, denucleated model was compared to the stiffness of 
the filled, nucleated model to evaluate the contribution of the nucleus pulposus to the 
stiffness of the intervertebral disc.  At baseline, nucleation resulted in a 30.4 ± 3.1 and 
32.8 ± 5.7 percent increase in stiffness for load soak control and wear tested stations, 
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respectively.  After 2.5 Mcycles of wear testing, nucleation resulted in a 29.7 ± 2.8 and 
30.2 ± 4.8 percent increase in stiffness for load soak control and wear tested stations, 
respectively.  Results are presented in Table 9 and Figure 13.  Despite 2.5 Mcycles of 
wear testing, there was no statistically significant change in stiffness for load soak control 
(p=0.69) or experimental (p=0.15) groups. 
 
 
 
Table 9: Percent increase in stiffness of the surrogate intervertebral disc model 
(Average ± SD).  Stiffness values determined for denucleated and nucleated models 
are compared. 
Cycle Count Load Soak (%) Wear Tested (%) 
0.0 MC 30.4±3.1 32.8±5.7 
2.5 MC 29.7±2.8 30.2±4.8 
 
 
 
 
Figure 13: Stiffness values (k) determined for denucleated and nucleated models are 
compared as represented on model schematics (left).  Percent increase in stiffness of 
the surrogate intervertebral disc model for load soak (yellow) and wear (red) 
stations are represented (right). 
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3.2 Imaging 
 
3.2.1 Fluoroscopy 
 Fluoroscopic imaging confirmed changes in sample chamber geometry with 
compression (Figure 14).  During stiffness testing, the sample chamber was observed to 
bulge outwards along the radial direction.  The diameter of the chamber increased from 
25.4 ± 0.1 mm (baseline) to 27.6 ± 0.8 mm (Table 10).  This represents an average 
increase of 2.23±0.13 mm (8.8%) diameter. 
 
 
 
Table 10: Fluoroscopic image data results (Average ± SD). 
Stiffness Test ID Sample Chamber Diameter (mm) 
1 27.57±0.06 
2 27.65±0.08 
3 27.67±0.07 
 
 
 
 
Figure 14: Fluoroscopic images of the surrogate intervertebral disc model during 
compression testing (AP view).  The model is imaged before (left) and after (right) 
compression.  Red arrows span the diameter of the nuclear cavity and show an 
increase with compression. 
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3.2.2 Photodocumentation 
 Photodocumentation results for wear tested and load soak control surrogate 
nucleus pulposus replacement devices are summarized in Figure 15.  Distinct wear scars 
were observed on both superior and inferior surfaces of wear tested devices.  In general, 
wear scars were observed along the anterior-posterior axis oriented with respect to the 
wear simulator.  Evidence of delamination was noted along boundaries of observed wear 
scars.  The documented changes in wear patterns observed along each sample appeared 
consistent with changes in reported height (Section 3.4: Dimensional Analysis) and mass 
loss (Section 3.3: Gravimetric Analysis).  Silicone particulates from the surrogate annulus 
fibrosus model were observed to be strongly adhered to the surface of the surrogate 
nucleus pulposus replacement device tested in Station 1 and were not removed during 
corresponding gravimetric or dimensional analyses to prevent iatrogenic damage to the 
device during analysis. 
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SUPERIOR FACE 
 
 
INFERIOR FACE 
 
Figure 15: Photodocumentation of the superior (top) and inferior (bottom) faces of 
each surrogate nucleus pulposus replacement device.  Component orientation maps 
denote anterior-posterior (A-P) simulator orientation axes and flexion-extension (F-
E) device axes.  The black arrow points to a representative wear scar. 
Wear Scar 
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3.2.3 Micro-Computed Tomography 
 Representative micro-computed tomography (microCT) imaging results for one 
wear tested and one load soak control surrogate nucleus pulposus replacement device are 
presented in Figure 16.  Three-dimensional reconstructions of these devices are shown 
after 0.0 Mcycles and 2.5 Mcycles of wear testing.  Volumetric losses within the wear 
tested component sum to 773 mm3 after 2.5 Mcycles of wear testing.  This represents 
14.8% of the total initial volume of the device.  The volume of the load soak control 
specimen decreased by 225.5 mm3 (4.3%) after wear testing.   
 Volumetric data was evaluated using density as a validation parameter.  Results 
from volumetric analyses were compared to results from gravimetric analyses.  Density 
was calculated to be 1.008 ± 0.009 g/cm3 (Table 11). 
 
 
 
Table 11: Density validation data for surrogate nucleus pulposus replacement device 
volumes. 
Cycles 
Mass (g) Volume (cm3) Density (g/cm3) 
Load 
Soak 
Wear 
Tested 
Load 
Soak 
Wear 
Tested 
Load 
Soak 
Wear 
Tested 
0.0 MC 5.245 5.192 5.235 5.198 1.002 0.999 
2.5 MC 4.516 5.060 4.462 4.974 1.012 1.017 
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Load Soak (0.0 MC) Load Soak (2.5 MC) 
  
Wear Tested (0.0 MC) Wear Tested (2.5 MC) 
Figure 16: 3-D reconstructions of microCT image datasets for a representative wear 
tested and load soak control surrogate nucleus pulposus replacement device.  
Devices were imaged after 0.0 MC and 2.5 MC of testing. 
 
 
 
 Representative microCT imaging results for one wear tested surrogate 
cartilaginous endplate are presented in Figure 17.  Three-dimensional reconstructions of 
this device are shown after 0.0 Mcycles and 2.5 Mcycles of wear testing.  Initially, the 
surrogate cartilaginous endplate was designed with two pairs of arms to prevent rotation.  
Prototypes of the surrogate intervertebral disc model showed that only one pair was 
required to impede rotation.  Therefore, the baseline reconstruction shows the component 
with two pairs of arms whereas the final reconstruction shows the same component after 
wear testing with only one pair.  Consistent with results from dimensional analysis 
(Section 3.4), the component did not significantly decrease in height (p>0.05).  The 
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articulating surface did not appear worn, and no signs of wear were observed on 
corresponding microCT images of component cross sections (Figure 18). 
 
 
 
 
Wear Tested (0.0 MC) Wear Tested (2.5 MC) 
Figure 17: 3-D reconstructions of microCT image datasets for a representative wear 
tested surrogate cartilaginous endplate component.  The component was imaged 
after 0.0 MC (left) and 2.5 MC (right) of testing.  The articulating surface is shown.  
The backside is not shown and does not interface with the surrogate nucleus 
pulposus replacement device during testing. 
 
 
 
 
Figure 18: MicroCT imaging results for a representative surrogate cartilaginous 
endplate component imaged after 2.5 MC of wear testing.  Coronal (left) and 
transverse (right) sections are shown.  The red line indicates the location of the 
transverse cross section with respect to the z-axis, oriented superiorly. 
 
 
 
  Articulating Surface 
 
 
 
 
Arm 
 
Backside 
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3.3 Gravimetric Analysis 
 Total mass loss is summarized for wear tested and load soak control surrogate 
nucleus pulposus replacement devices in Table 12 and Figure 19.  Results show that the 
total mass loss of wear tested components was significantly higher than that of load soak 
control devices (all p<0.05).  The total mass loss of wear tested components decreased 
linearly whereas the total mass loss of load soak controls remained consistent during 
testing.  Observed mass loss within wear tested components may be represented by the 
following linear model: 
 (Total Mass Loss) = 0.072 – 0.180 • (Cycle Count) (2) 
The parameter, cycle count, represented in the model is reported in increments of 1.0 
Mcycles.  The model shows that total mass loss decreased linearly at a rate of 180 
mg/Mcycles.  Data was found to be strongly (r2=0.95) and significantly (p=0.005) 
correlated to the model).   
 
 
 
Table 12: Total mass loss for surrogate nucleus pulposus replacement devices 
(Average ± SD). 
 
0.0 MC 
(g) 
0.5 MC 
(g) 
1.0 MC 
(g) 
1.5 MC 
(g) 
2.0 MC 
(g) 
2.5 MC 
(g) 
Wear Tested  0.00±0.00 0.17±0.09 0.21±0.10 0.38±0.13 0.45±0.15 0.50±0.16 
Load Soak  0.00±0.00 0.05±0.03 0.06±0.03 0.11±0.01 0.13±0.01 0.13±0.00 
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Figure 19: Total mass loss for load soak control (left) and wear tested (right) 
surrogate nucleus pulposus replacement devices. 
 
 
 
 The rate of mass loss is summarized for wear tested and load soak control 
surrogate nucleus pulposus replacement devices in Table 13 and Figure 20.  In general, 
the rate of mass loss was observed to decrease with increased cycles for both wear tested 
and load soak control specimens. 
 
 
 
Table 13: Rate of mass loss for surrogate nucleus pulposus replacement devices 
(Average ± SD). 
 
0.0 MC 
(g/MC) 
0.5 MC 
(g/MC) 
1.0 MC 
(g/MC) 
1.5 MC 
(g/MC) 
2.0 MC 
(g/MC) 
2.5 MC 
(g/MC) 
Wear Tested  0.00±0.00 0.34±0.17 0.21±0.10 0.25±0.09 0.23±0.07 0.20±0.06 
Load Soak  0.00±0.00 0.10±0.05 0.06±0.03 0.08±0.00 0.07±0.00 0.05±0.00 
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Figure 20: Rate of mass loss for load soak control (left) and wear tested (right) 
surrogate nucleus pulposus replacement devices. 
 
 
 
3.4 Dimensional Analysis 
 The total height loss and rate of height loss are summarized for wear tested and 
load soak control surrogate nucleus pulposus replacement devices in Table 14, Table 15 
and Figure 21.  As demonstrated by results from photodocumentation and micro-
computed tomography imaging (Section 3.2: Imaging), observed patterns of wear were 
not uniform across the superior and inferior faces of each wear tested device.  Although 
height was generally observed to decrease along consistent measurement locations 
considered at each interval, height loss was not uniform across the entire surface.  
Therefore, results from dimensional analyses on the surrogate nucleus pulposus 
replacement devices are associated with high standard deviations when considering all 
measurement locations across the entire surfaces.  Total height loss of wear tested 
components was significantly higher than that of load soak control specimens for each 
interval considered (all p<0.05). 
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Table 14: Total height loss for surrogate nucleus pulposus replacement devices 
(Average ± SD). 
 
0.0 MC 
(mm) 
0.5 MC 
(mm) 
1.0 MC 
(mm) 
1.5 MC 
(mm) 
2.0 MC 
(mm) 
2.5 MC 
(mm) 
Wear Tested 0.00±0.00 0.26±0.24 0.35±0.26 0.52±0.37 0.72±0.51 0.79±0.54
Load Soak 0.00±0.00 0.06±0.07 0.16±0.02 0.15±0.07 0.26±0.13 0.36±0.15
 
 
 
Table 15: Rate of height loss for surrogate nucleus pulposus replacement devices 
(Average ± SD). 
 
0.0 MC 
(mm/MC) 
0.5 MC 
(mm/MC) 
1.0 MC 
(mm/MC) 
1.5 MC 
(mm/MC) 
2.0 MC 
(mm/MC) 
2.5 MC 
(mm/MC) 
Wear Tested 0.00±0.00 0.51±0.48 0.35±0.26 0.35±0.24 0.36±0.25 0.32±0.22
Load Soak 0.00±0.00 0.13±0.15 0.16±0.02 0.10±0.05 0.13±0.07 0.14±0.06
 
 
 
 
Figure 21: Average total height loss (left) and average rate of height loss (right) for 
surrogate nucleus pulposus replacement devices. 
 
 
 
 The baseline and final heights of all surrogate cartilaginous endplates are 
summarized in Table 16 and Figure 22.  Results show no significant changes in height 
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after wear testing for wear tested (p>0.99) and load soak control (p>0.96) components.  
These results are consistent with observations of micro-computed tomography image 
datasets (Section 3.2.3).   
 
 
 
Table 16: Total height of surrogate cartilaginous endplates (Average ± SD). 
Test Group 
0.0 MC 
(mm) 
2.5 MC 
(mm) 
Wear Tested 12.35±0.32 12.35±0.31 
Load Soak 12.10±0.55 12.09±0.54 
 
 
 
 
Figure 22: Total height of surrogate cartilaginous endplates.  Results are shown 
before (0.0 MC) and after (2.5 MC) wear testing. 
 
 
 
3.5 Surface Roughness 
 Changes in surface topography along the articulating surfaces of surrogate 
cartilaginous endplates after wear testing were evaluated using white light interferometry.  
Sampled regions measured 719 x 539 μm and contained at least 300,000 data points.  
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Representative surface roughness maps are shown for wear tested and load soak control 
specimens in Figure 23 and Figure 24 below.   
 
 
 
Figure 23: Representative surface roughness (Ra) plots for a wear tested surrogate 
cartilaginous endplate component.  Results are shown before (0.0 MC) and after (2.5 
MC) wear testing. 
 
 
 
Figure 24: Representative surface roughness (Ra) plots for a load soak control 
surrogate cartilaginous endplate component.  Results are shown before (0.0 MC) 
and after (2.5 MC) wear testing. 
 
 
 
 Average surface roughness values (Ra) are reported for wear tested and load soak 
control specimens, as determined before and after wear testing (Table 17 and Figure 25).  
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Results show no significant changes in average surface roughness for wear tested 
(p=0.30) or load soak control specimens (p=0.13). 
 
 
 
Table 17: Average surface roughness parameter (Average ± SD). 
Test Group 
0.0 MC 
(μm) 
2.5 MC 
(μm) 
Wear Tested  0.130±0.066 0.119±0.049 
Load Soak  0.161±0.033 0.184±0.010 
 
 
 
 
Figure 25: Average surface roughness (Ra) of surrogate cartilaginous endplates. 
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4. DISCUSSION 
4.1 Wear Testing Protocol Selection 
 Wear testing methodologies for total joint replacement devices include motion 
and loading profiles drawn from physiologically relevant gait loading scenarios.  Current 
standards for wear testing motion preserving spinal implants are still in early stages of 
development.  Clinical data from retrieval studies are necessary to validate existing wear 
guidance standards to simulate clinically relevant wear patterns.  In the absence of 
adequate short-term and long-term clinical data on device performance, the proper 
selection of spine wear simulator kinematics has been primarily based on theory and 
remains unclear. 
 Several wear testing standards and guidance documents for motion preserving 
spinal implants have been proposed under the American Society for Testing and 
Materials (ASTM) International and the International Organization for Standardization 
(ISO).  Two standard guides for wear assessment of total disc replacement devices have 
been approved: ASTM F2423 and ISO 18192-1 (Table 18).  However, the adequacy of 
loading profiles and user-justified testing parameters proposed within these standard 
guides may be further investigated.  Given the limited availability of clinical data on 
device performance, these standards are not intended to reproduce complex in vivo loads 
and motions.  Rather, resulting wear data is intended to enable comparison between 
device designs. 
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Table 18: Comparison of ISO and ASTM wear guidance standards for total disc 
replacement devices.  Reprinted, by permission of Siskey, R. 
Test Parameters ISO 18192-1 (2008) ASTM F2423 (2005)
Motion Profiles Cervical Lumbar Cervical Lumbar
Flexion Extension (FE) ± 7.5º +6.0 / -3.0º ± 7.5º ± 7.5º
Lateral Bending (LB) ± 6.0º ± 2.0º ± 6.0º ± 6.0º
Axial Rotation (AR) ± 4.0º ± 2.0º ± 6.0º ± 3.0º
Frequency 1.0 ± 0.1 Hz (up to 2.0 Hz) ≤ 2.0 Hz 
Phasing LB shifted 90º from FE
AR and LB 180º out of phase
Justified by user 
Tolerances ± 0.5º at the maxima and 
minima 
± 2.0% of the full cycle time 
for phasing
± 0.5º at the maxima and 
minima 
Loading Profiles Cervical Lumbar Cervical Lumbar
Load Limit(s) 50-150 N 600-2000 N 100 N 1200 N
Frequency 1.0 Hz 2.0 Hz ≤ 2.0 Hz ≤ 2.0 Hz
Phasing In phase with 
FE 
Max and Min 
in Phase 
with FE 
In phase 
with FE 
Max and 
Min in 
Phase with 
FE 
Tolerances ± 5% of the maxima
± 3% of the full cycle time for 
phasing
± 5% of the maxima
Temperature 37 ± 2 ºC 37 ± 3 ºC 
Replacement Cycles Once every 0.5 Mcycles Once every 1.0 Mcycles
Sample Size   
Control n = 1 for materials that absorb 
water
n = 2 for materials that 
absorb water 
Wear Stations Minimum of n = 6 Minimum of n = 5 
Wear measurements 
and Other analyses 
Per ISO 14242-1 Rinse with distilled water, 
dry and weight to an 
accuracy of 10μg. 
Surface finish 
 
 
 
 The magnitudes of applied angular displacements and loads specified within these 
standards are based on full range of motion data published in literature (Callaghan, Patla, 
and McGill, 1999; Cappozzo, 1984; Kapandji, 1985; Luttgens and Hamilton, 1997; 
Nachemson, 1981; Panjabi et al., 2001; Panjabi, Duranceau, Goel, Oxland, and Takata, 
1991; Pearcy, Portek, and Shepherd, 1984; Pearcy and Tibrewal, 1984; Sato, Kikuchi, 
and Yonezawa, 1999; Snijders, Hoek, and Roosch, 1991; White and Panjabi, 1990; 
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Wigfield et al., 2002; Wilke, Neef, Caimi, Hoogland, and Claes, 1999).  However, 
repetitive, daily living activities that involve the spine are assumed to occur within a 
fraction of the full range of motion of the spine, with single events reaching extreme 
loads and motions.  In the absence of appropriate loading profiles for daily living 
activities of the spine, standards have taken the approach to apply an average loading 
condition based on the ranges of motion data provided in literature.  As shown in Table 
18, lumbar motions prescribed in ISO 18192-1 do not subject wear tested components to 
extreme angular displacements at maximum range of motion of the spine.  Furthermore, 
components are subjected to a time varying axial force, rather than a constant axial force 
as recommended by the complimentary ASTM standard.  Therefore, validation of the 
physical surrogate intervertebral disc model was performed using ISO 18192-1 as a 
guide.  Extreme loading conditions at maximum range of motion should be considered 
when designing test protocols to evaluate targeted failure modes, such as migration, 
impingement, and subsidence. 
 The relationship between frequency of applied wear testing kinematics and device 
performance remains poorly understood.  Although current wear guidance standards 
recommend a testing frequency rate between 1.0 and 2.0 Hz, the current validation study 
was run at a testing frequency of 3.0 Hz to maximize total number of cycles achieved 
within allocated equipment usage time.  In addition, validation of the original surrogate 
annulus fibrosus model was performed at 3.0 Hz.  Therefore, maintaining a testing 
frequency of 3.0 Hz allows for adequate comparison to the previous study.  Furthermore, 
little is known about the correlation between cycle count and simulated in vivo time.  The 
current model is validated to 2.5 Mcycles.  Current wear guidance standards for total disc 
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replacement devices recommend a total of 10 Mcycles of wear testing to ensure a high 
factor of safety, when considering expected device lifetime.  Components of the current 
model, including surrogate annulus fibrosus and surrogate cartilaginous endplates, may 
be replaced every 2.5 Mcycles during a full 10 Mcycles wear test.  Additionally, long-
term retrievals may show wear and fatigue patterns to justify high testing frequencies and 
to decrease run-out requirements prescribed in current wear guidance standards.   
 The biocompatibility of components within the surrogate intervertebral disc 
model remains poorly understood.  Phosphate buffered saline was used as an alternative 
to conventional bovine serum to lubricate articulating surfaces during wear testing.  This 
buffer solution is isotonic with respect to human body composition; the solution 
osmolarity and solution ion concentration corresponds to osmolarity and ion 
concentrations found within the body (Heneghan and Riches, 2008).  Additionally, the 
buffer helps to maintain a physiologic pH, 7.4.  Therefore, phosphate buffered saline 
maintained at human body temperature, 37oC, represents a physiologically relevant 
lubrication medium for wear testing. 
 
4.2 Fixture Design 
 Retrieval studies on total joint replacement devices have identified particulate 
wear debris from both polymeric and metallic orthopedic bearing materials within 
periprosthetic tissue (McGee et al., 2000).  These submicron and micron sized wear 
particles may illicit an immediate foreign body immune reaction involving the activation 
of macrophages and infiltration of inflammatory cells.  In fact, histopathologic changes in 
response to wear debris may lead to tissue dysfunction, osteolysis, loosening, and the 
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need for a short-term revision surgery.  Accordingly, characterization of wear particles 
generated during wear testing is of great interest.  Therefore, one significant design 
consideration was to limit the generation of wear particles from the components of the 
surrogate intervertebral disc testing model.  Materials used to comprise the model were 
carefully selected to minimize the introduction of additional particulates into the wear test 
lubrication medium, a factor which may have confounding effects on results.   
 Fixtures that interface with the spine wear simulator are constructed from chrome-
plated stainless steel.  Chrome plating refers to a technique in which a thin layer of 
chromium is electroplated onto a metallic surface.  An electrical current is used to reduce 
cations of a desired material, chromium, from solution to coat a conductive material, 
stainless steel.  Plating enhances wear resistance, erosion resistance, and hardness of the 
bulk material.  More importantly, plating provides corrosion resistance to prevent the 
possible introduction of wear particles from corrosive by-products.  (Siskey, Villarraga, 
Guerin, Shah, and Kurtz, 2008) 
 
4.3 Surrogate Endplate Material Selection Criteria 
Hyaline cartilage has been reported to have up to three major phases: a fluid phase 
containing water and electrolytes; a solid phase containing type II collagen, 
proteoglycans, glycoproteins, and chondrocytes; and an ionic phase containing negatively 
charged proteoglycans that may induce osmotic gradients within the tissue (Lai, Hou, and 
Mow, 1991; Mak, 1986; Mow, Kuei, Lai, and Armstrong, 1980).  Multiphasic behavior 
associated with cartilage gives rise to viscoelastic effects including hysteresis, strain-rate 
dependence, creep, and stress relaxation.  Such properties may be best represented by a 
61 
porous synthetic material that may allow for fluid flow through the material.  However, 
the majority of synthetic materials investigated, including urethane and silicone rubbers, 
are not porous.  Fillers, including hollow glass microspheres (Q-Cel 6019, Potters 
Industries Inc., Valley Forge, PA), glucose, and table sugar were investigated as a means 
to introduce pores into the candidate materials.   
Hollow glass microspheres could not be used to successfully generate 
interconnected pores necessary for fluid flow through the materials because the glass 
used to comprise each pore could not be extracted.  After mixing sugars and salts with 
castable rubbers during the molding process, the fillers could not be entirely dissolved out 
of the rubbers to create pores.  However, micro-computed tomography (microCT) 
imaging results indicated that fillers were successfully dissolved out of isolated 
peripheral regions within materials evaluated (Figure 26). 
 
 
 
 
Figure 26: MicroCT imaging results for specimens molded with table salt as a filler.  
The rubber matrix is shown in gray, and the salt filler remaining in the material is 
shown in white (A).  Resulting pores formed along the periphery of the material are 
shown (B). 
 
 
 
Stereolithography was also considered as means to etch pores into the material.  
However, a limited group of UV-curable photopolymer resins may be treated using the 
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technique, and unit charges are very costly.  Therefore, stereolithography was not further 
considered as a feasible poration method. 
Given these challenges, the final surrogate cartilaginous endplate material was 
selected to represent the functional material and mechanical properties of the 
cartilaginous tissue matrix.  Therefore, a non-porous material was justified to represent 
rate-independent properties of the matrix.   
The average human spine loading profile follows a circadian rhythm.  
Accordingly, the nucleus pulposus has been reported to express a diurnal cycle of 
pressurization (Botsford, Esses, and Ogilvie-Harris, 1994).  The intervertebral disc is 
loaded in compression for approximately 16 hours per day.  When loaded in 
compression, intradiscal pressure increases.  Consequently, water flows out of the disc to 
re-equilibrate pressure.  Overnight, load is removed, and the disc is rehydrated and 
repressurized.  Viscoelastic material properties of cartilage give rise to its multiphasic 
properties and play a major contributing role to expressed diurnal cycles of pressurization 
within the nucleus pulposus.  Fluid flow into and out of the disc depends upon periodic 
patterns of loading and unloading of the disc as well.  During wear testing, the surrogate 
intervertebral disc model is subjected to continuous, repeatable motions and loads for the 
duration of testing.  Therefore, simulation of diurnal cycles of loading/unloading and 
pressurization/depressurization of the sample nucleus pulposus replacement device are 
not relevant to the given wear testing protocol.  A surrogate cartilaginous endplate 
comprised of a synthetic material which represents rate-independent matrix properties of 
cartilage is justifiable.   
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4.4 Surrogate Endplate Material Selection 
 This section discusses the interpretation of results from candidate endplate 
material testing outlined in Section 2.1.  Results are interpreted to justify the use of a 
synthetic material as a representative surrogate endplate interface in terms of functional 
mechanical and material properties. 
The previous surrogate annulus fibrosus model was designed to match the 
reported stiffness of intact cadaveric anterior column units (Siskey, Villarraga, Guerin, 
Shah, and Kurtz, 2008).  However, the silicone used to comprise the surrogate annulus 
fibrosus within the model was not validated to represent material properties of annulus 
fibrosus tissue.  Therefore, it is important to note the distinction between the global 
behavior of the model and the local behavior of the materials used to comprise each 
surrogate tissue represented within the model. 
Results show that the compressive modulus of the validated urethane rubber is 
much higher than the modulus reported for cartilage, suggesting that a softer material 
should be considered.  However, the human endplate is known to be stiffer than the 
annulus fibrosus (Adams and Green, 1993; Best et al., 1989; Grant, Oxland, and Dvorak, 
2001).  Furthermore, studies that use synthetic rubbers to represent cartilage for 
alternative applications, including the characterization of the acoustic properties of 
cartilage using ultrasound (Laasanen et al., 2002) and intervertebral disc models for 
medical education (Jaumard, Richards, Stagg-Williams, and Friis, 2007), use materials 
with durometers similar to the material selected for this evaluation.   
The compressive modulus of the urethane rubber used to represent the surrogate 
cartilaginous endplate interface within the current model lies within the range of moduli 
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used to represent cartilaginous endplates in validated finite element studies of 
intervertebral disc mechanics (Belytschko, Kulak, Schultz, and Galante, 1974; Ferguson, 
Ito, and Nolte, 2004; Martinez, Oloyede, and Broom, 1997; Rao and Dumas, 1991).  
Furthermore, urethane materials have excellent abrasion and tear resistant properties, 
while offering high load bearing capacities (Appendix A).  These low-cost materials are 
available in a broad range of hardnesses and may be cast molded into any desired 
geometry.  Therefore, urethane rubber was justified to be a suitable candidate for a 
physiologically relevant surrogate cartilaginous endplate interface for the current 
surrogate intervertebral disc model. 
 
4.5 Wear Testing Results 
 An anterior column unit is defined as an intervertebral disc with superior and 
inferior vertebra.  Muscle and posterior elements are removed from vertebral bodies.  The 
stiffness of cadaveric anterior column units has been reported to range between 772 and 
3040 N/mm (Joshi, et al., 2006; Langrana, Edwards, and Sharma 1996; White and 
Panjabi, 1990).  The denucleated surrogate intervertebral disc model was manufactured to 
express stiffness greater than or equal to 1000 N/mm.  The stiffness of load soak control 
models did not change after wear testing.  However, the stiffness of wear tested models 
significantly decreased (p<0.05).  Despite observed declines in stiffness, all stiffness 
values remained within the reported range of stiffness for cadaveric anterior column 
units.   
 Percent change in stiffness between nucleated and denucleated cadaveric discs has 
been reported to be 44%, where nucleated discs are stiffer than denucleated discs (Joshi, 
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et al., 2006).  Results of this validation study showed that the nucleated model was 
approximately 30% stiffer than the denucleated model for both experimental and control 
groups evaluated.  The contribution of alternative nucleus replacement materials to 
surrogate disc model stiffness remains unknown.  However, percent change in stiffness 
between denucleated and nucleated surrogate disc models may be quantified.  The ability 
to use this data to predict in vivo performance, in terms of ability to maintain disc height, 
may be further investigated. 
 Axial compressive forces applied to the intervertebral disc are balanced by both 
an increase in hydrostatic pressure within the nucleus pulposus and an increase in hoop 
stress within the annulus fibrosus.  Such forces have geometrical consequences including 
a reduction in disc height and bulging of the annulus fibrosus (Brinckmann, Frobin, 
Hierholzer, and Horst, 1983).  As the intervertebral disc is compressed, the annulus 
bulges outwards in the radial direction.  In addition, the vertebral endplate should 
theoretically bulge in the axial direction, towards the adjacent vertebrae.  Radial bulge of 
the intervertebral disc has been reported to range from 0.05 to 2.410 mm, where both 
inner and outer annular surfaces have been reported to bulge outwards under compression 
(Meakin, Redpath, and Hukins, 2001).  Consistent with physiologically relevant 
observations, fluoroscopic image data showed that the surrogate intervertebral disc model 
showed similar behavior.  The model bulged in the radial direction resulting in a 
2.23±0.08 mm increase in nuclear cavity diameter when compared to bulge of the 
previous surrogate annulus fibrosus model.  In a study conducted by Brinckman, et al., 
the axial bulge of the endplate was analytically determined to be of the same order of 
magnitude as the compression distance of the motion segment (1983).  The presence of 
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stainless steel rings used to seat the surrogate endplate within the model prevented 
characterization of axial bulge. 
 The surrogate cartilaginous endplate was observed to perform superiorly, with 
respect to wear, during wear testing.  Results from dimensional analyses confirmed that 
endplate height was maintained during testing.  The articulating surface did not appear 
worn after 2.5 Mcycles of wear testing, and no signs of cracking or delamination were 
observed on corresponding micro-computed tomography (microCT) images of 
component cross sections.  In addition, articulating surface roughness did not 
significantly change as confirmed using results from white light interferometry 
measurements.  These results suggest that wear along surrogate nucleus pulposus 
replacement devices evaluated in this study are not artifact of interfacing surrogate 
endplate wear.   
 The surrogate intervertebral disc model was used to quantify wear and fatigue of 
the surrogate nucleus pulposus replacement device in terms of total mass loss, total height 
loss, contribution to intervertebral disc stiffness, and observable macroscopic and 
microscopic fatigue features confirmed by photodocumentation, optical microscopy, and 
microCT.  Total mass loss could be quantified to four significant figures.  Mass loss was 
found to be strongly (r2=0.95) and significantly (p=0.005) correlated to a linear model, 
where components were predicted to wear at a linear rate of 360 mg/Mcycles.   
 Volumetric data determined using microCT reconstructions was evaluated using 
density as a validation parameter.  Results from volumetric analyses were compared to 
results from gravimetric analyses.  Density was calculated to be 1.008 ± 0.009 g/cm3 
which is consistent with material density reported by the material manufacturer, 1.00 ± 
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0.01 g/cm3 (Appendix A).  Volumetric losses within a load soak control specimen (4.3% 
initial volume) were observed to be less than losses within a wear tested specimen 
(14.8% initial volume).  The load soak control specimen is loaded under axial 
compression only and represents a control specimen.  It is hypothesized that observed 
volumetric changes within load soak control specimens are attributed to material creep. 
 The previous surrogate annulus fibrosus model was used to characterize wear and 
fatigue of surrogate nucleus pulposus replacement devices up to 1.0 Mcycles of wear 
testing (Siskey, Villarraga, Guerin, Shah, and Kurtz, 2008).  Surrogate nucleus pulposus 
replacement devices showed signs of adhesive/abrasive wear, where wear was observed 
to be more severe along the superiors faces of wear tested device for all intervals 
evaluated.  The devices demonstrated a linear wear rate of 632 mg/Mcycles (r2 = 0.99) 
after 1.0 Mcycles of wear testing.  The average maximum radial bulge at 2000N of 
compression was reported as 1.47±0.18 mm.   
 In comparison, surrogate nucleus pulposus replacement devices evaluated using 
the optimized model exhibited evidence of adhesive/abrasive wear along both superior 
and inferior faces of wear tested devices.  However, a lower linear wear rate, 360 
mg/Mcycles (r2 = 0.95, p<0.05), was determined after 2.5 Mcycle of testing.  In the 
absence of short-term and long-term clinical results on device performance, it is difficult 
to evaluate the clinical relevance of observed differences in gravimetric data pertaining to 
linear wear rate.  The optimized model was designed to include a softer endplate interface 
that better represented the physiology of the human cartilaginous endplate.  The average 
maximum radial bulge at 2000N of compression, 2.23±0.06 mm, was slightly higher than 
radial bulge reported for the previous model.  Average maximum radial bulge values 
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determined for both the surrogate annulus fibrosus model and the optimized surrogate 
intervertebral disc model lie within the range of radial bulge reported for cadaveric 
intervertebral discs (Meakin, Redpath, and Hukins, 2001). 
 In a study conducted by Siskey et al., a polymerized water-in-oil emulsion 
composite material was evaluated using the previous surrogate annulus fibrosus model 
(2009).  Results showed that the stiffness of the model did not significantly change after 
2.5 Mcycles of testing (p>0.05).  The stiffness of the nucleated model remained 
approximately 30% higher than that of the denucleated model throughout the first 2.5 
Mcycles of testing.  In comparison, results from the present validation study showed that 
the stiffness of the optimized model significantly decreased after 2.5 Mcycles of testing 
(p<0.05).  However, the stiffness of the nucleated model still remained approximately 
30% higher than that of the denucleated model for wear tested and load soak controls 
evaluated after 0.0 and 2.5 Mcycles of testing.  Despite differences in the nucleus 
replacement material evaluated between studies, results suggest that the optimized 
endplate interface facilitates more uniform load distribution across the remaining 
structures of the disc, namely the surrogate annulus fibrosus and surrogate nucleus 
pulposus replacement device.   
 When comparing models, the design and construction of the optimized model 
significantly differs from that of the previous model.  In particular, materials used to fill 
regions above and below steel interface rings used to seat components of the surrogate 
intervertebral disc differ.  The previous model is filled with surrogate annulus fibrosus 
material and stainless steel whereas the optimized model is filled with surrogate annulus 
fibrosus and surrogate cartilaginous endplate material.  These filler regions span 
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surrogate annulus fibrosus and surrogate nucleus replacement device structures and 
function to prevent rotation of surrogate intervertebral disc model during testing.  The 
average shore A hardnesses for the rubbers used to comprise the surrogate annulus 
fibrosus and surrogate cartilaginous endplates have been reported to be 60A and 65A, 
respectively (Appendix B–C).  Differences between stiffness values of materials used to 
fill the optimized model are much smaller than differences in values of materials used to 
fill the previous model.  These design changes are consistent with results that suggest that 
the optimized cartilaginous endplate interface facilitates more uniform load sharing 
across remaining structures of the present intervertebral disc model.  This represents a 
physiologically relevant load sharing pattern.   
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Previous Model Optimized Model 
 
 
 
LEGEND 
 Urethane Rubber 
(VytaFlex 10, Smooth-On, Easton, PA) 
  
 Silicone Rubber 
(QM 264, Quantum Silicones, Richmond, VA) 
  
 Urethane Rubber 
(RenCast 6401-1, Huntsman, Los Angeles, CA) 
  
 Chrome Polished Stainless Steel 
Figure 27: Previous surrogate annulus fibrosus model (left) and optimized surrogate 
intervertebral disc model (right) schematics.  The surrogate nucleus pulposus 
replacement device (S-NPRD), surrogate annulus fibrosus (S-AF), surrogate 
cartilaginous endplates (S-CEPs), and stainless steel components are shown.  
Sagittal cross-sectional views are shown. 
 
 
 
4.6 Limitations 
 The surrogate cartilaginous endplate model is limited in terms of its lack of multi-
phasic properties, lack of anisotropic properties, and simplified morphology. 
 As described in Section 4.3, the surrogate cartilaginous endplate has been 
designed to represent functional properties of the human cartilaginous endplate tissue 
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matrix.  Multiphasic behavior associated with cartilage gives rise to viscoelastic effects 
including hysteresis, strain-rate dependence, creep, and stress relaxation.  Such properties 
would be best represented by a porous synthetic material that would allow for fluid flow 
through the material.  However, simulation of diurnal cycles of loading/unloading and 
pressurization/depressurization of the sample nucleus pulposus replacement device is not 
relevant to the given wear testing protocol.  Thus, a surrogate cartilaginous endplate 
comprised of a synthetic material which represents matrix properties of cartilage was 
determined justifiable. 
 The chemical components of the cartilaginous endplate primarily include 
collagen, proteoglycans, and water.  The chemical composition of the endplate varies 
sagittally across its surface, where the region bound by the outer annulus has a higher 
collagen and lower proteoglycan and water content than the region bound by the nucleus 
pulposus.  Variations with depth include an increase in collagen content and decrease in 
proteoglycan and water content towards bone.  Irregularities including small bony 
intrusions, disc protrusions, and unequal cell distribution are found throughout hyaline 
cartilage of the endplate. (Roberts, Menage, and Urban, 1989)  Furthermore, the 
orientation of collagenous fibers within tissue directly contributes to direction-dependent 
mechanical properties.  Despite these local variations in structure and composition, the 
surrogate intervertebral disc model was validated to express global behaviors of the 
intervertebral disc, including intervertebral disc stiffness and radial bulge.  The material 
chosen to model the human endplate was chosen to be stiffer than the annulus fibrosus 
and representative of healthy, cartilaginous endplate tissue matrix properties as modeled 
in validated finite element studies of the human intervertebral disc. 
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 The human endplate spans across both the annulus fibrosus and nucleus pulposus 
(Hall, Esses, Noble, and Kamaric, 1998).  However, the surrogate cartilaginous endplate 
within the current model interfaces with the nucleus pulposus only.  In order to design an 
endplate that allowed for access to the sample nucleus pulposus replacement device at 
various intervals during the test while preventing rotation of the interfacing endplate 
itself, it was necessary to confine the endplate to its current location.  Given that this test 
is designed to characterize wear and fatigue along a sample nucleus pulposus replacement 
device, considerations of isolated boundary conditions modeled along exposed surfaces 
of the device is justified.  As described in Section 4.5, results suggest that the optimized 
endplate interface facilitates more uniform load sharing between the remaining structures 
of the disc, including surrogate annulus fibrosus and surrogate nucleus pulposus 
replacement device, when compared to results from studies using the previous surrogate 
annulus fibrosus model (Siskey, Villarraga, Guerin, Shah, and Kurtz, 2008; Siskey, 
Villarraga, and Guerin, 2009).   
 This in vitro testing protocol is used to characterize nucleus replacement device 
performance in terms of wear and fatigue only.  Supplemental testing will be required to 
characterize device performance with respect to alternative modes of predicted failure 
such as poor biocompatibility, crack propagation, subsidence, and expulsion.  
Furthermore, cadaveric and clinical studies must be performed in order to determine safe, 
effective, and repeatable surgical implantation methods to compliment optimal device 
performance.   
 As part of future work, wear particle analysis may be performed on wear testing 
lubrication medium collected and stored at the conclusion of each 0.5 Mcycle test interval 
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to characterize the amount, shape, and size distribution of simulated wear particles.  
Alternative nucleus replacement materials may be characterized using the current model 
for comparison.  Additionally, rate dependency on simulated wear and fatigue 
mechanisms may be explored.  Given that the healthy nucleus pulposus is pressurized, 
changes in hydrostatic pressure within the surrogate nuclear cavity with compression may 
also be evaluated to compare to functionally-relevant, physiological data (Nachemson 
and Morris, 1964; Wilke et al., 1999).  In addition, stainless steel rings used to seat the 
current surrogate cartilaginous endplate within the model may be constructed from a 
radiopaque material, such as polyether ether ketone (PEEK), to allow for characterization 
of radial bulge with respect to the sample nuclear cavity. 
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5. CONCLUSION 
The optimized surrogate cartilaginous endplate interface performed superiorly, 
with respect to wear.  Results showed no significant changes in height (p>0.99) or surface 
roughness (p>0.05) after wear testing.  Articulating surfaces did not appear worn, and no 
signs of internal cracking were observed on corresponding microCT images.  These 
results suggest that wear along surrogate nucleus pulposus replacement devices evaluated 
in this study are not artifact of interfacing surrogate endplate wear.  The endplate material 
chosen for the optimized model was validated by comparison of aggregate modulus (HA) 
to range of moduli reported for cartilaginous endplates integrated within validated finite 
element models of the intervertebral disc. 
 A physical, surrogate intervertebral disc model has been designed and validated 
for multidirectional wear and fatigue testing of nucleus pulposus replacement devices 
using ISO 18192-1 as a guide.  The optimized model has been designed to impart 
clinically relevant loading patterns and constraint to surrogate nucleus replacement 
devices.  This pre-clinical test has been used to characterize wear and fatigue of nucleus 
replacement devices in terms of total mass loss, total height loss, contribution to 
surrogate intervertebral disc model stiffness, and observable macroscopic and 
microscopic features of fatigue. 
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